In this paper we estimate the production of dimuons (µ + µ − ) in exclusive photon -photon (γγ) and diffractive Pomeron -Pomeron (IP IP ), Pomeron -Reggeon (IP IR) and Reggeon -Reggeon (IRIR) interactions in pp collisions at the LHC energy. The invariant mass, rapidity and tranverse momentum distributions are calculated using the Forward Physics Monte Carlo (FPMC), which allows to obtain realistic predictions for the dimuon production with two leading intact hadrons. In particular, predictions taking into account the CMS and LHCb acceptances are presented. Moreover, the contribution of the single diffraction for the dimuon production also is estimated. Our results demonstrate that the experimental separation of these different mechanisms is feasible. In particular, the events characterized by pairs with large squared transverse momentum are dominated by diffractive interactions, which allows to investigate the underlying assumptions present in the description of these processes.
I. INTRODUCTION
The study of exclusive processes, characterized by a low hadronic multiplicity, intact hadrons and rapidity gaps in final state, became a reality in the last years, with experimental results having been obtained in hadronic collisions at the Tevatron, RHIC and LHC [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The study of these processes is mainly motivated by the possibility of improvement of our understanding of the strong interactions theory as well constrain possible scenarios for the beyond Standard Model physics (For a recent review see, e.g. Ref. [17] ). In particular, it is expected that the forthcoming data can be used to discriminate between different approaches for the Quantum Chromodynamics (QCD) at high energies as well as for the Pomeron, which is a long-standing puzzle in the Particle Physics [18] . This object, with the vacuum quantum numbers, is associated with diffractive events, characterized by the presence of large rapidity gaps in the hadronic final state.
One of the more basic examples of an exclusive process is the dimuon (µ + µ − ) production by γγ interactions in pp collisions. Such process is considered as being ideal to monitor the collider luminosity [19] . During the last years several authors have discussed the backgrounds for this process. In particular, the contribution of the semielastic and inelastic dimuon production by γγ interactions, where one or both incident protons dissociate in the process, have been analyzed in detail in a series of studies (See e.g. [20] [21] [22] [23] ), and important improvements about the treatment of the photon distribution in the proton were derived recently [24] . Two other backgrounds are the exclusive dimuon production in γIP interactions [25] and the dimuon production in double diffractive processes [26] , mediated by Pomeron -Pomeron (IP IP ), Pomeron -Reggeon (IP IR) and Reggeon -Reggeon (IRIR) interactions. Both processes, also generated two rapidity gaps and two leading protons into the final state. A first comparison between exclusive γIP and IP IP mechanisms was presented in Ref. [26] , which demonstrated that both can be larger than the exclusive production in some regions of the phase space. This result strongly motivate the analysis that will be performed in this paper, where we also estimate the IRIR and IP IR contributions, which becomes significant in some regions of the phase space (For a similar analysis for dijet production see Refs. [27, 28] ). We will restrict our study to a comprehensive comparison between the exclusive and double diffractive mechanisms for the dimuon production, represented in the left and central panels of Fig. 1 , respectively. As both processes are implemented in the Forward Physics Monte Carlo (FPMC) [29] , it allows to obtain realistic predictions for the dimuon production with two leading intact hadrons, taking into account the acceptance of the LHC detectors. The inclusion of the exclusive γIP mechanism in the FPMC is an important task that we intend to do in a near future. In our study, we also will estimate the contribution of the single diffractive dimuon production, represented in Fig. 1 (right panel) , which is characterized by one rapidity gap and the dissociation of one of the incident protons. As currently the LHC experiments are only able to detect one of the outgoing hadrons, in order to select the exclusive events of interest is fundamental to have control of the single diffractive events. Our goal is to identify the regions of dominance of the different mechanisms as well to determine the typical cutoffs that should be applied in order to establish the clear dominance of the exclusive and diffractive processes. The content of this paper is organized as follows. In the next section we present a brief review of the formalism for the dimuon production in photon -photon and diffractive interactions in hadronic collisions. In Section III we present our predictions for the invariant mass, rapidity and transverse momentum distributions for the dimuon production in pp collisions at LHC energy, considering the contributions associated to γγ, IP IP , IP IR, IRIR, IP p and IRp interactions. Finally, in Section IV we summarize our main conclusions.
II. FORMALISM
In this Section we will present a brief review of the main concepts needed to describe the µ + µ − production by photon -photon and diffractive interactions in pp collisions at the LHC energies. Initially, let's consider the exclusive µ + µ − production by γγ interactions in the collision of two hadrons, h 1 and h 2 , represented in Fig. 1 (left panel). In the equivalent photon approximation [30] , the cross section is given by
where γ i (x i , Q 2 ) is the equivalent photon distribution of the hadron i, with x i being the fraction of the hadron energy carried by the photon and Q 2 has to be identified with a hard scale of the process. Moreover, ⊗ represents the presence of a rapidity gap in the final state andσ is the cross section for the γγ → µ + µ − process. The basic idea of the Eq. (1) is that at high energies, an ultra relativistic proton give rise to strong electromagnetic fields, such that the photon stemming from the electromagnetic field of one of the two colliding protons can interact with a photon of the other proton, and generate a given final state [30, 31] . The ingredients for the analysis of the exclusive dimuon production by γγ interactions are the elementary cross sectionσ, which is well known from QED, and the equivalent photon distribution of the incident protons. In the case of of a charged point-like fermion, the equivalent photon distribution was formulated many years ago by Fermi [32] and developed by Williams [33] and Weizsacker [34] . On the other hand, the calculation of the photon distribution of the proton have been estimated by several authors [31, 35, 36] considering different approximations. One of the more detailed derivations have been presented by Ginzburg and collaborators in Ref. [31] , where an analytical expression have been derived, which will be used in our further calculations. As demonstrated in Ref. [37] the difference between the different modellings of the photon flux is smaller than 5% at low-x.
Let's discuss now the dimuon production in diffractive processes, represented in the central and right panels of Fig.  1 . Assuming the validity of the factorization theorem, the cross section for the double diffractive µ + µ − production can be expressed by
where
2 ) are the diffractive quark and antiquark distributions of the hadron i with a momentum fraction x i andσ(qq → µ + µ − ) is the cross section for the Drell -Yan process. Similarly, the cross section for the
where h i represents the hadron that have emitted the Pomeron and remains intact. Moreover,
2 ) are the standard inclusive quark and antiquark distributions of the proton. The inclusive and diffractive parton distributions are non-perturbative objects. However, the evolution with the factorization scale Q 2 is described perturbatively by the DGLAP evolution equations. In our calculations we will assume that the factorization scale is the square of the dimuon invariant mass, i.e., Q 2 = M 2 µ + µ − . In order to describe the diffractive parton distributions we will consider in what follows the Resolved Pomeron model [38] , which implies that these quantities can be expressed in terms of the Pomeron (IP ) and Reggeon (IR) contributions as follows
where ξ is the momentum fraction of the proton carried by the Pomeron and Reggeon, f p I P , I R (ξ) are the associated flux distributions in the proton and q I P , I R (β ≡ x/ξ, Q 2 ) are its corresponding quark distributions. Moreover, β is the momentum fraction carried by the partons inside the Pomeron and Reggeon. Following Ref. [39] , we assume that the Pomeron and Reggeon fluxes are given by
where t min , t max are kinematic boundaries and n I R is a normalization factor for the Reggeon term. The flux factors are motivated by Regge theory, where the pomeron and reggeon trajectories are assumed to be linear, α I P ,I R (t) = α I P ,I R (0) + α ′ I P ,I R t, and the parameters B I P ,I R , α ′ I P ,I R , n I R and their uncertainties are obtained from fits to H1 data [39] . As demonstrated in Ref. [39] , the HERA data is able to contrain the Pomeron structure, which is dominated by gluons. However, a Reggeon contribution is required to describe the experimental data at large ξ. As in Ref. [39] , we will assume that the Reggeon contribution can be modelled by a quark -antiquark exchange and its structure can be described in terms of the pion structure function. In general, the Reggeon contribution is disregarded in the diffractive calculations of different final states. However, as demonstrated in Ref. [27] , such contribution can be important in some regions of the phase space. In the next Section we will estimate, by the first time, the impact of IRIR and IP IR interactions for the dimuon production.
One important open question in the treatment of exclusive and diffractive interactions in hadronic collisions is if the cross sections for the associated processes are not somewhat modified by soft interactions which lead to an extra production of particles that destroy the rapidity gaps in the final state [40] . As these effects have nonperturbative nature, they are difficult to treat and its magnitude is strongly model dependent (For recent reviews see Refs. [41, 42] ). In the case of diffractive interactions in pp/pp collisions, the experimental results obtained at TEVATRON [43] and LHC [44, 45] have demonstrated that one should take into account of these additional absorption effects that imply the violation of the QCD hard scattering factorization theorem for diffraction [46] . In general, these effects are parametrized in terms of a rapidity gap survival probability, S 2 , which corresponds to the probability of the scattered proton not to dissociate due to the secondary interactions. Different approaches have been proposed to calculate these effects giving distinct predictions (See, e.g. Ref. [47] ). An usual approach in the literature is the calculation of an average probability |S| 2 and after to multiply the cross section by this value. As previous studies for the double diffractive production [48] [49] [50] [51] [52] [53] [54] we also follow this simplified approach assuming |S| 2 = 0.02 for the double diffractive production and |S| 2 = 0.05 for the single diffractive one. It is important to emphasize that this choice is somewhat arbitrary, and mainly motivated by the possibility to compare our predictions with those obtained in other analysis. Recent studies from the CMS Collaboration [45] indicate that this factor can be larger than this value by a factor ≈ 4. Consequently, our results can be considered a lower bound for the diffractive contribution. In the case of γγ, we will assume |S| 2 = 1. However, it is important to emphasize that the magnitude of the rapidity gap survival probability in γγ still is an open question and some authors proposed that it smaller than the unity [23, 55] . Therefore, the results for the dimuon production by γγ interactions may be considered an upper bound.
III. RESULTS
In what follows we present our results for the dimuon production by photon -photon, Pomeron -Pomeron and Pomeron -Reggeon interactions in pp collisions at the Run 2 LHC energy (For a similar analysis for the heavy quark and dijet production see Refs. [28, 48, 50] ). As discussed in the Introduction, these processes are characterized by two rapidity gaps and intact hadrons in the final state. The experimental separation of these events using the two rapidity gaps to tag the event is not an easy task at the LHC due to the non -negligible pile-up present in the normal runs. An alternative is the detection of the outgoing intact hadrons. Recently, the ATLAS, CMS and TOTEM Collaborations have proposed the setup of forward detectors [56] [57] [58] , which will enhance the kinematic coverage for such investigations. Moreover, the LHCb experiment can study diffractive events by requiring forward regions void of particle production 5.5 < |η| < 8.0 [59] .
In our analysis we will assume pp collisions at √ s = 13 TeV. Moreover, in order to ensure the validity of perturbative calculations we will impose a cut on the dimuon invariant mass M µ + µ − > 1 GeV. The cross sections for the γγ → µ + µ − and→ µ + µ − subprocesses are calculated at leading order in FPMC using HERWIG 6.5. We will assume the CT10 parametrization [60] for the standard inclusive parton distributions and the Fit B, provided by the H1 Collaboration in Ref. [39] , for the diffractive parton distributions. Finally, the subleading contribution for the diffractive interactions associated to the Reggeon exchange will be taken into account.
Initially, let's estimate the contribution of the IP IP , IP IR and IRIR mechanisms for the double diffractive µ + µ − production. Our results for the invariant mass (M µ + µ − ), squared transverse momentum of the pair (p 2 T ) and the pair rapidity (y) are presented in Fig. 2 . We have that the IRIR contribution is subleading in the kinematical range considered. However, the IP IR one is non-negligible and cannot be disregarded, specially at large values of y and small values of p 2 T . In the case of the single diffractive µ + µ − production, the basic mechanisms that contribute are associated to IP p and IRp interactions, where p indicates that the quark/antiquark comes from the proton instead of the Pomeron or Reggeon. The contribution of these mechanisms are presented in Fig. 3 . In this case we have that the Reggeon -proton interactions become important at small p 2 T and central rapidities (y ≈ 0). The results presented in Figs. 2 and 3 indicate that the Reggeon contributions are non -negligible for the dimuon production and should be taken into account in order to obtain a more realistic prediction. Such result is expected, since the DY production is associated to the→ µ + µ − subprocess and the Reggeon structure is dominated by quarks and antiquarks.
Let's now compare our predictions for the single and double diffractive dimuon production with those for the exclusive µ + µ − production by γγ interactions. The results are presented in Fig. 4 , where SD and DD indicate the sum of the different mechanisms for the single and double diffractive dimuon production, respectively. We have that the SD and DD mechanisms become dominant for invariant masses close to the Z 0 peak, large values of p 2 T and/or y. The dominance of the diffractive processes at large p 2 T is expected. As discussed in Refs. [26, 62] , the muons produced by γγ interactions are emitted preferentially back -to -back, with their transverse momenta almost cancelling each other, which implies that the transverse momentum of the pair should be small. On the other hand, in the diffractive mechanisms, the pomeron exchange implies that the typical transverse momentum will be larger [61, 62] . Therefore, the exclusive contribution is expected to dominate at small transverse momenta of the pair, while the diffractive one should dominate at large transverse momenta. The corresponding predictions for the total cross sections are presented in Tab. I. In agreement with our previous discussion, we have that the IP IP and IP IR contributions for the double diffractive µ + µ − production are similar. Similarly, the IRp one is no -negligible for the single diffractive production. In comparison to the exclusive µ + µ − production by γγ interactions, we have that the SD contribution is a factor ≈ 7 smaller. On the other hand, the DD one is smaller than the exclusive mechanism by two orders of magnitude. As already emphasized in the Introduction, the topology of these distinct mechanisms is different. In particular, in single diffraction, only one rapidity gap is present in the final state. Moreover, in the case of diffractive processes, the presence of remnants of the Pomeron/Reggeon are expected to generate additional tracks in the final state. In what follows we will explore these characteristics, as well as the presence of additional cutoffs, in order to separate the different mechanisms and reduce the background for the exclusive and double diffractive dimuon production. We will focus our analysis in the acceptances of the CMS and LHCb detectors, which probe complementary kinematical ranges. However, our study can be easily extended for the ATLAS acceptance.
Initially let's analyze in more detail the small p 2 T region, where we expect the dominance of the exclusive µ + µ − production by γγ interactions. In order to separate these events we will assume a set of requirements, usually denoted by elastic selection in the literature. In particular, we will assume that:
1. The individual transverse momenta of the muons is larger than a minimum: p T (µ ± ) > 0.4GeV; 3. The squared transverse momentum of the pair is smaller than a maximum:
4. The pseudorapidities of the muons are in following ranges: (a) |η (µ ± )| < 2.5 in the case of the CMS detector, and (b) 2.0 < η (µ ± ) < 4.5 in the case of the LHCb one;
5. The event is exclusive, with only the pair of muons is present in the acceptance detector region. For the CMS experimet we select events with 0 extra tracks with p T > 0.2 GeV in the aceptance detector region. On the other hand, in the case of the LHCb experiment, we select events with only the pair of muons in the range 2.0 < η(µ ± ) < 4.5 and 0 extra tracks with p T > 0.1 GeV in the regions −3.5 < η < −1.5, 1.5 < η < 5.0 and p T > 0.5 GeV in the regions −8.0 < η < −5.5, 5.5 < η < 8.0 .
The impact of each one of these cuts on the total cross sections associated to the different mechanisms for the dimuon production is presented in Table II , where the values in each new line represent the predictions obtained after the inclusion of one additional cut. The final values, obtained after the implementation of the five selection criteria discussed above, are presented in the last two lines of the Table. We have that the diffractive contributions are strongly reduced, with the SD one being now a factor ≈ 27 (31) smaller than the exclusive contribution in the CMS (LHCb) acceptance. The impact of the elastic selection on the invariant mass, squared transverse momentum and rapidity distributions are shown in Fig. 5 , where we present in the upper (lower) panels the predictions for the LHCb (CMS) detector. As expected from our results for the total cross sections, we have that the exclusive µ + µ − production by γγ interactions is dominant in the invariant mass range considered. In the particular case of the LHCb experiment (upper panels), we have that it also dominates the p 2 T distribution and the SD contribution only becomes important at very forward rapidities. Our results indicate that the final µ + µ − events at LHCb can be used to probe of the exclusive dimuon production. In the case of the CMS experiment (lower panels), the exclusive production also is dominant, with the SD contribution only being important for p 2 T ≈ 2 GeV 2 . It is important to emphasize that if the tagging of the two outgoing hadrons is implemented in the future, the background associated to the SD events vanish. As a consequence, the final events will be a clean probe of the exclusive dimuon production.
Finally, let's analyze the possibility of constrain the diffractive processes using the events with large transverse momentum of the pair. We have implemented the same cuts discussed above, only assuming now that the events should be characterized by p 2 T > 2 GeV 2 . The predictions for the total cross sections are presented in Table III . Our results indicate that the double diffractive events become dominant in the CMS acceptance and similar to the exclusive one at LHCb after the implementation of the cuts. The SD events are dominant for both detectors. The impact of the cuts on the distributions are presented in Fig. 6 . In the case of the LHCb cuts (upper panels), we have that the diffractive mechanisms are dominant at large invariant mass and/or p 2 T . On the other hand, the rapidity distributions of the diffractive and exclusive mechanisms are similar. If the CMS cuts are assumed (lower panels), the diffractive contributions dominate all distributions. Our results indicate that the study of the high p 2 T events can be useful to constrain the description of the diffractive dimuon production, as well its underlying assumptions as for example the modelling of the rapidity gap survival probability. 
IV. SUMMARY
The description of the exclusive and diffractive processes in hadronic collisions is a theme of intense debate in literature. Significant theoretical improvements have been achieved in recent years and abundant experimental data have been accumulated at the LHC. In particular, the study of the exclusive dimuon production have received a lot of attention, mainly motivated by the possibility of use this process as a luminosity monitor and as a probe of the photon distribution of the proton. In this paper we have investigated in detail the dimuon production by γγ and diffractive interactions in pp collisions at the LHC energy. Our goal was to determine the regions of dominance of these different mechanisms taking into account some realistic experimental requirements. Using the Forward Physics Monte Carlo, we have performed a comprehensive analysis of the invariant mass, transverse momentum and rapidity distributions for the different processes. We have demonstrated that the separation of the small p 2 T events allows to probe the exclusive µ + µ − production by γγ interactions with a small background associated to diffractive processes. On the other hand, the analysis of the large p 2 T events is an important probe of the description of the diffractive processes and underlying assumptions. Considering the large statistics of dimuons events, we strongly motivate a future experimental analysis of this process at large transverse momentum in order to advance in our understanding about Diffractive Physics. 
